A method for differentiating proteins from nucleic acids in intermediate-resolution density maps: cryo-electron microscopy defines the quaternary structure of the Escherichia coli 70S ribosome  by Spahn, Christian MT et al.
A method for differentiating proteins from nucleic acids
in intermediate-resolution density maps: cryo-electron
microscopy defines the quaternary structure of the
Escherichia coli 70S ribosome
Christian MT Spahn1, Pawel A Penczek2,3, Ardean Leith2 and Joachim Frank1,3*
Background: This study addresses the general problem of dividing a density
map of a nucleic-acid–protein complex obtained by cryo-electron microscopy
(cryo-EM) or X-ray crystallography into its two components. When the
resolution of the density map approaches ~3 Å it is generally possible to
interpret its shape (i.e., the envelope obtained for a standard choice of
threshold) in terms of molecular structure, and assign protein and nucleic acid
elements on the basis of their known sequences. The interpretation of low-
resolution maps in terms of proteins and nucleic acid elements of known
structure is of increasing importance in the study of large macromolecular
complexes, but such analyses are difficult. 
Results: Here we show that it is possible to separate proteins from nucleic
acids in a cryo-EM density map, even at 11.5 Å resolution. This is achieved by
analysing the (continuous-valued) densities using the difference in scattering
density between protein and nucleic acids, the contiguity constraints that the
image of any nucleic acid molecule must obey, and the knowledge of the
molecular volumes of all proteins. 
Conclusions: The new method, when applied to an 11.5 Å cryo-EM map of the
Escherichia coli 70S ribosome, reproduces boundary assignments between
rRNA and proteins made from higher-resolution X-ray maps of the ribosomal
subunits with a high degree of accuracy. Plausible predictions for the positions
of as yet unassigned proteins and RNA components are also possible. One of
the conclusions derived from this separation is that 23S rRNA is solely
responsible for the catalysis of peptide bond formation. Application of the
separation method to any nucleoprotein complex appears feasible.
Introduction
Nucleic-acid–protein complexes are at the core of many
pivotal processes in the cell, from replication, transcrip-
tion, mRNA processing and protein synthesis, to trans-
port processes. Among the most complex of these
systems is the ribosome [1,2]. Solving the structure of
such complexes with X-ray crystallography poses special
challenges because of their large size and the require-
ment for crystals with the requisite properties. Even the
attainment of relatively low-resolution X-ray maps is
therefore a remarkable achievement [3–6]. Cryo-electron
microscopy (cryo-EM) can deal with large macromolecu-
lar assemblies in single, non-crystallized forms, but
progress towards resolution beyond ~10 Å is slow [7–9].
Normally, only when atomic resolution (~3 Å or better) is
reached can the density map be interpreted unambigu-
ously in terms of the two components, protein and
nucleic acids, on the basis of the signatures of the indi-
vidual amino acids or nucleotides, although resolutions
around 5 Å may already allow secondary structure ele-
ments of proteins to be recognized.
It is well known that the scattering strength of the two
components (for both electrons and X-rays) differs sub-
stantially. This difference is caused mainly by the pres-
ence of the strongly scattering phosphorus atoms in the
nucleic acid backbone. By contrast, strongly scattering
atoms are rare in proteins. As a consequence, those regions
in the density map that originate from the nucleic acid
component will have a higher overall density than those
from proteins. In electron microscopy, a complication is
introduced by the defocus-dependent contrast transfer
function (CTF), which leads to a scrambling in the
ranking of density values (see [10]). CTF correction, prop-
erly applied, restores the original ranking [11]. Some
attempts have been made in the past, by the use of special
experimental procedures, to utilize the density difference
for discrimination between protein and RNA, for instance
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by contrast matching [12]. Other approaches to discrimina-
tion based on elemental composition include spectroscopic
imaging [13], isolation of the amplitude contrast compo-
nent from a defocus series [14,15], and neutron scattering
of differentially deuterated proteins and RNAs [16].
Our experience has shown that even at a resolution of
11.5 Å, and with the utmost care in CTF correction [7],
the desired discrimination cannot be achieved solely on
the basis of the density threshold. However, as we demon-
strate here, the use of additional information contained in
the histograms of known portions of the density map, and
known molecular volumes derived from the molecular
masses [17], lends itself to an algorithm that performs
remarkably well, as judged by the shapes and positions of
known components [3–6], in separating RNA from protein
within the ribosome cryo-EM density map [7]. The accu-
racy achieved gives credence to predictions in regions of
the ribosomes as yet unassigned. When these putative
placements are put into the context of topographical infor-
mation derived by neutron scattering, immuno-electron
microscopy (IEM), and the vast body of biochemical data,
conclusions about the quaternary structure of the ribo-
some can be derived. 
The results of the separation procedure obtained in the
application to the ribosome suggests that this analysis will
be of general value in separating protein from nucleic
acids in other nucleoprotein complexes.
Results and discussion
The segmentation procedure
Histogram plots computed for the cryo-EM density map of
the 30S ribosomal subunit (Figure 1) show that the density
distribution for regions of the map that have been identi-
fied as proteins [3,7] is clearly different from that of
double-stranded RNA. However, because the two density
distributions partially overlap, an accurate discrimination
between protein and RNA on the basis of the threshold
level is not possible. Although high threshold levels will
isolate portions of double-stranded rRNA, they will fail to
eliminate high-density portions of the proteins (compare
also Figures 4a,b versus Figures 4c,d). Our new strategy
explicitly takes into account the distributions of densities
within reference regions (Figure 1). The multistep proce-
dure (Figure 2) employs the image-processing technique
of region growing on a three-dimensional grid (gray scale
dilation [18]) under added density and volume constraints.
The procedure starts from volume elements (voxels) the
density of which lies in the non-overlapping region of the
reference histogram for RNA (and thus represents the core
of RNA components) and then proceeds in two phases. In
the first phase, two regions are identified that are highly
likely to contain RNA and protein, respectively. This is
achieved by the dilation of initially selected high-density
fragments of the map. In the case of RNA fragments, the
growth is first guided by the density of the voxels, then an
unconstrained dilation is applied. In the case of protein
fragments, only the latter mode is used. The second phase
begins with the selection of small seeds within the putative
RNA and protein regions. The boundaries between RNA
and protein are expected to coincide with local minima of
the density map. To identify their locations, multiple steps
of dilation guided by density gradients are applied. For
each region, the rate of growth is controlled by constraints
imposed by the respective total molecular volumes and by
the reference histograms. The procedure terminates when
all the voxels within the subunit are accounted for.
One unavoidable difficulty in this analysis is that those por-
tions of the map that originate from flexible RNA strands
will be misclassified as protein on account of their lower
density. This problem surfaced twice in the analysis of the
30S density map and three times in the case of the 50S map,
each time in a peripheral location (marked by  asterisks in
Figures 3 and 5): in the bottom part of helix 44 of 16S RNA;
in a portion of a helix of 16S RNA that forms the 30S
subunit head; in the upper portion of the helix that carries
the globular protein L1; in the loop region of helix 38 (A-site
finger); and in the stalk base that accommodates L11 and
helices 42–44. For the final presentation (Figures 3–6),
these regions had to be reassigned on the basis of the conti-
nuity of the helical features of the density map and existing
knowledge. The knowledge of the locations where this kind
of misclassification of known RNA components occurs is in
itself informative, as its occurrence provides clear evidence
of conformational variations of ribosomal components. 
The resulting segmentation of the map into a ‘protein’
and an ‘RNA’ region is in detailed agreement with the
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Figure 1
Histograms of the complete 30S subunit density map with surrounding
vitrified water (ice peak) and of regions known to contain solely protein
and RNA, respectively. 
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assignment of known proteins and RNA helices [3,6] in
the case of the 30S subunit for Thermus thermophilus
(Figure 3), and of the 50S subunit for Haloarcula marismortui
[4] (Figure 5). In addition, it assigns RNA or protein iden-
tity to portions of the density map for which no place-
ments of structures are currently available. As shown in
the following, the RNA and protein elements constituting
these portions can be tentatively identified by reference
to previous IEM [19,20] and neutron scattering mappings
[21,22], as well as to biochemical data.
The distribution of proteins in the 30S ribosomal subunit 
According to the protein map (Figure 3), most of the 30S
proteins occur in clusters. The only two proteins without
apparent contact with other proteins are S20 [3] and a
protein sitting below S4. Even though no protein is
located here in the neutron map [21], IEM placed S16 in
this region [19]. This assignment agrees with a hydroxyl
radical footprinting study according to which S16 protects
many nucleotides of the 5′ domain of 16S rRNA, as well as
nucleotides of helix 21 [23] (Figure 3b). The key role of
S16 in the assembly of the 30S subunit, by first assem-
bling with the 5′ domain and then anchoring the central
domain by its interaction with helix 21 [23], would be per-
fectly feasible here. 
The other proteins that are thought to interact with the 5′
domain of 16S rRNA are S4, S5, S8, S12 and S17 [23–25].
All but S12 were placed in the X-ray map of the 30S
subunit [3]. The largest, as yet unassigned, protein mass
appears in the body region of the 30S subunit opposite
the S4–S5–S8 cluster. The location of S12 in this region
is in general agreement with both neutron scattering [21]
and IEM maps [20]. However, although S12 is on the
solvent side of the 30S subunit according to IEM, the
observed protein mass is closer to the placement of S12
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Figure 2
Flow diagram showing the steps of the histogram-guided protein/RNA
segmentation procedure. For details see Materials and methods
section. Panels (a–e) describe the initial phase of the procedure,
yielding two regions that are highly likely to contain RNA (yellow) and
protein (green), respectively; panels (f,g) describe the refinement
yielding the final partition. (a) Histograms are calculated of regions
with known pure RNA or pure protein composition. (b) Based on these
reference histograms for RNA and protein, seeds for the RNA skeleton
are obtained by applying a threshold at a density that is above the
highest density of protein (threshold level #1; see Materials and
methods section). A region growth process is applied, indicated by
arrows. Initially, to obtain a continuous RNA skeleton, the growth is
permitted only in directions of high densities (preference indicated by
bold arrows), with a cut-off level determined based on the RNA
reference histogram (threshold level #2; see Materials and methods
section). Next, an unconstrained dilation is applied to include low-
density RNA voxels and match the known RNA molecular volume.
(c) Initial dilation of RNA regions is terminated when the histogram of
densities within these regions matches the histogram of known RNA
regions. Consequently, a rough estimation of the region that is highly
likely to contain RNA only is obtained. At this stage, a clustering
algorithm is applied to find isolated domains in the non-RNA region
that are too small to be proteins, on the basis of the known molecular
volumes of proteins. Fifty percent of the volume of the smallest protein
is taken as a cut-off level. Such domains are reassigned as RNA.
(d) On the basis of the protein reference histogram, by applying a
threshold that includes approximately 50% of all protein mass, clusters
of high protein density are obtained. Only clusters with volumes above
a certain minimum are selected and grown (indicated by arrows) using
logical operations to prevent merging with RNA regions already
determined (‘non-merging dilation’). (e) The growth of the protein
region is terminated when the histogram of the densities within this
region matches the reference histogram for protein. As a result, the
map is partitioned into regions that are highly likely to contain RNA or
protein. The unaccounted region contains fragments that were too
small, and the densities of which were too low, to allow unequivocal
assignment during the first phase of the procedure. (f) The second
phase, aimed at obtaining a refined partition, starts with seeds
selected within putative RNA and protein regions obtained in step
(e). The seeds are identified as small regions encompassing local
maxima of the map. The boundaries between two components are
expected to coincide with local minima of the density map. To localize
these, a strategy of incremental growth from seeds is employed. The
threshold is hereby lowered from one cycle to the next. The growth of
both phases in each cycle is controlled by the known molecular
volumes of RNA and protein. (g) Final partition, which is achieved after
the entire volume is accounted for in step (f).
(a)
(b) (c)
(e) (d)
(f) (g)
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in the neutron map, that is, more towards the 50S side.
The importance of S4, S5 and S12 for tRNA selection
and ribosomal accuracy is well documented [26] and the
significance of the interaction between S4 and S5 has
been characterized [3]. 
Proteins S6, S11, S15, S18 and S21 are thought to interact
with the central domain of 16S rRNA [23–25]. S6 and S15
have been located by X-ray crystallography [3]; again, their
shapes and positions are closely matched in our protein
map. The density attributable to S6 is part of a cluster
large enough to encompass all three remaining proteins
and we found no additional protein mass in the platform
region. These locations of S11, S18 and S21 are in general
agreement with IEM and neutron scattering [19–21].
Helices 23 and 24 of 16S rRNA have been placed on the
50S side of the S6–S11–S18–S21 cluster [3], in excellent
agreement with the RNA–protein interaction data [23–25].
The proteins associated with the 3′ domain of 16S rRNA
that together build the head of the 30S subunit are S2, S3,
S7, S9, S13, S14 and S19 [23–25] and, of these, only S7 has
been placed [3,6]. In our protein map, three intercon-
nected clusters can be observed in the head region: at the
L1 side of the 30S, at the solvent side of the 30S, above
the neck, and opposite to the latter position on the 50S
side. Because the location of only one protein is known,
and because of the high concentration of proteins in the
subunit head, an interpretation of this portion of the map
is less certain. Moreover, when the neutron scattering map
is superimposed on the set of proteins already placed by
X-ray crystallography, most of the proteins in the head are
found outside the cryo-EM map. This discrepancy might
be partly due to the observed rearrangement of the head
versus the body upon subunit–subunit association [27,28].
In addition, there is a partial disagreement in the place-
ment of the head proteins as determined by IEM [29,30].
There is no position in the protein map that can be easily
reconciled with the large size of S1 and its placement by
IEM and neutron scattering. Because S1 is only loosely
bound and requires cross-linking to the 30S subunit for
detection by IEM [31], it might well be that the dilution
necessary for cryo-EM preparation leads to a dissociation
of S1. There is, however, some mass of lower density at
the solvent side of the 30S subunit, between protein 
S5 and the S6–S11–S18–S21 cluster. This density was
assigned to the RNA map following the minimum-size
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Figure 3
Final segmentation of the 11.5 Å cryo-EM map
of the 30S ribosomal subunit into RNA (yellow)
and protein (green) found by the histogram-
based segmentation algorithm. The maps are
shown from (a) the 50S side and (b) the
solvent side. (c,d) The placement of known
RNA (yellow [3]; brown [6]) and protein (green
[3]) elements. The orientation of (c) and (d) is
as in (a) and (b), respectively. Positions of
known proteins are indicated in bold and those
tentatively assigned are shown in italics. An
asterisk denotes RNA elements that were
misclassified (see text). Landmarks: b, body;
h, head; pt, platform; sh, shoulder; sp, spur.
5
8
4
7
15
17
20
6
16
2/3
13
11/18/21
20
15
6
7
12
10/14
13
4
5
h
pt
sp
b
sh
h
sh
pt
b
sp
*
*
*
1
20
15
6
7
5
8
4
7
15
17
20
6
h21
h21
(a) (b)
(c) (d)
Structure
criterion as a consequence of the lack of connectivity. The
position of this fragmented mass agrees with the place-
ment of S1 by neutron scattering and IEM [21,31] and its
appearance might be caused by the presence of S1 in sub-
stochiometric amounts.
The 16S rRNA at 11.5 Å resolution
As a by-product of the partitioning into RNA and protein
density, we obtained a skeleton of the RNA, uncontami-
nated by high-density protein masses, from which an
assignment of secondary structure elements could be
derived (Figure 4). Although this would require a detailed
modeling, some RNA helices can be tentatively identi-
fied by following individual strands. The 5′ domain is
connected to the rest of the 16S rRNA by helix 3, which
must be located at the connection between the body of
the 30S subunit and the other domains, close to the loca-
tion of helices 18 and 27 (see [3]). Following helix 3,
several other strands emerge at the junction formed by
helices 3, 4, 16, 17 and 18. The placement of helices 16
and 18 in the shoulder of 30S in a 16S rRNA model
[24,25] agrees very well with the 16S rRNA skeleton,
whereas the placement of helices 4 and 17 are different.
Furthermore, the functionally important 530 loop region
at the end of helix 18 is consistent with the unusual,
broadened shape of this rRNA element. The protection
of nucleotides in the 530 loop by S12 [23] is consistent
with both this location and the suggested locations of S12
(Figure 3), and the position of the helix junction is in
agreement with the S4–16S rRNA interaction data [23–25].
The long helix 17 can be placed at the side of the 30S
subunit. The 5′ domain continues with helix 4, which folds
back towards helix 3, fulfilling the constraint imposed by
cross-linking data [24,25]. 
The position of the 530 loop makes it a key player for the
mechanism of protein synthesis [32–35]. It is directly adja-
cent to the ribosomal A site, in agreement with tRNA-
dependent footprints [36,37], and is part of a connection
with a 16S rRNA element within the 30S subunit head
(Figure 4). Directed hydroxyl radical probing indicated
close proximity between helices 16 and 18 in the body and
helices 33 and 34 in the head, suggesting an interaction
between the 530 loop and the 1050/1200 region [38].
According to cryo-EM, this interaction between the head
and the body is dynamic, forming upon association of the
subunits, and leading to the formation of a channel for the
passage of mRNA [27,28,39,40]. 
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Figure 4
High-threshold rendering of the 16S rRNA
partition alone that allows unambiguous
identification of all four 16S RNA domains.
The domains are color-coded: yellow,
5′ domain; brown, central domain (see [3]);
gold, 3′ major domain; and orange, 3′ minor
domain (see [3,5,7]). Views are from (a) the
50S side and (b) the solvent side as in
Figure 3. Some helices of known position [3]
are indicated by bold letters; newly assigned
helices are in italics (for details see text). For
landmarks, see legend to Figure 3. (c,d) The
unprocessed 30S map, displayed at the same
contour level as the separated 16S rRNA
portion in (a,b) for comparison. Additional
high-density masses that represent fragments
of proteins are recognizable in many places. 
h
pt
sp
b
sh
h23
h24
h21
h44
h3
h4
h16
h17
h18
530 region
h16
h18
h3
h4
h17
530 regionh23
h24
h
pt
sp
b
sh
Structure
(a) (b)
(c) (d)
The distribution of proteins in the 50S ribosomal subunit 
Our separation shows ribosomal proteins to be distributed
rather uniformly in the 50S subunit (Figure 5). In contrast
to an earlier proposal based on IEM and cross-linking [41],
the lower third of the 50S subunit is not free of proteins.
This discrepancy might be due to difficulties in IEM,
which was based on a direct interpretation of images
obtained from negatively stained ribosomes, in identifying
the exact orientation of a particular projection. As a result
many proteins appear to be shifted upwards when com-
pared to our map [7] or the X-ray map of the 50S subunit
[4], although the approximate relative positions of the pro-
teins might be correct. In contrast to the 30S subunit,
many isolated protein clusters are present in the protein
map of the 50S subunit, which would indicate that
protein–protein interaction is less common. Proteins L6
and L14, as well as fragments of L2 and L11, have been
placed in the X-ray map of the 50S subunit [4]. Our
protein map agrees well with these placements and the
placement of L1 into the X-ray [4] and cryo-EM maps
[7,42]. Furthermore, the protein map contains a mass at
the location where Matadeen and coworkers have placed
protein L9 in a recent cryo-EM map of the 50S subunit
[8]. Only the N-terminal domain of L9 is visible in our
11.5 Å cryo-EM map [7] at the default contour level. The
C-terminal domain, which is apparently flexible, becomes
visible at a lower threshold (not shown). The idea that L9
might move by 50 Å upon subunit–subunit association [8]
is not supported by our map. 
For the 50S subunit, the neutron-scattering map is incom-
plete [22] and less biochemical information is available on
the RNA–protein interactions than for the 30S subunit.
Moreover, unlike the domains of 16S rRNA, those of 23S
rRNA do not form recognizable morphological features
that would restrict the position of protein subsets associated
with any particular domain. Nevertheless, a comparison of
the protein map with the IEM and neutron-scattering
maps allows a tentative identification of some of the protein
clusters, by using the placement of the already known pro-
teins [4,7,8] as guidance. One of these, L14, is part of a
larger cluster, and the proteins mapped close to L14 by
IEM are L19 and L3 [19,30] (Figure 5). According to the
neutron-scattering map, L3 is indeed located in this region
[22]. Furthermore, L19 has been cross-linked to helix 63
[43,44], which was recently placed by genetic tagging and
cryo-EM [45]. Similarly, a cross-link between L3 and
helix 100 [43,44], close to helix 98 [45], constrains L3 to
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Figure 5
Final segmentation of the 11.5 Å cryo-EM
map of the 50S ribosomal subunit into RNA
(blue) and protein (green) found by the
histogram-based segmentation algorithm.
The maps are shown from (a) the 30S side,
(b) the solvent side and (c) the bottom of the
50S subunit, where the exit site of the tunnel
is located. (d) The placement of known RNA
(blue [4,45]) and protein (green [4]) elements.
Known protein positions are indicated by bold
numbers, those tentatively assigned by italic
numbers, and known RNA helices are
indicated by bold numbers following ‘h’.
SRL denotes the position of the α-sarcin–ricin
loop. An asterisk denotes RNA elements that
were misclassified (see text). Landmarks:
CP, central protuberance; Sb, stalk base.
this region. Finally, cross-links between L3 and L19 and
between L14 and L19 support this placement [19,41]. 
Another larger cluster is on the solvent side of the 50S
subunit close to L6 and the L3–L14–L19 cluster (Figure 5).
This position agrees with that of L20 in the neutron-scat-
tering map [22] and with the positions of L20 and L21 as
determined by IEM [19,30]. L20 and L21 have also been
cross-linked to each other [19,41]. 
The central protuberance of the 50S subunit is rich in
protein-density (Figure 5). A larger cluster is present at
the 30S side and a smaller one on the solvent side. Among
the proteins mapped there by IEM are L5, L18 and L27
[19]. The larger protein (L5) is probably part of the cluster
on the 30S side together with L27. L18 has been mapped
more towards the solvent side [19]. Again, cross-linking of
these proteins to helix 84 of the 23S rRNA region supports
this placement [43,44], and a fragment of 23S rRNA com-
posed of helices 82–87 forms an in vitro complex with L5,
L18, L25 and 5S rRNA [46]. Similarly, the placement of
L15 and L25 by IEM is close to the central protuberance
[19]. L25 could be identified at a location more towards
the stalk region (Figure 5) following the identification of
5S rRNA (see below). A plausible position for L15 would
be at the solvent side of the 50S subunit between the
central protuberance and the L1 stalk (Figure 5). The
remaining major protein mass on the solvent side of the
50S subunit matches with the position of L4 by IEM [19]
and neutron scattering [22]. Plausible candidates for two
protein masses in the vicinity of the proposed polypeptide
tunnel exit (Figure 5c) are L17 and L23, as these are
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Figure 6
High-threshold rendering of the 23S rRNA
partition alone, which allows the identification
of the 5S rRNA (purple). The views are from
(a) the 30S side and (b) the solvent side, as
in Figure 5. Some known helices are denoted
by their helix numbers. Landmarks: CP, central
protuberance; L1, L1 protuberance; Sb, stalk
base. (c) Stereoview of the isolated 5S rRNA
density (blue wire mesh) together with an
adjacent element from the separated protein
map (green wire mesh). Helix I of 5S rRNA
([49] Protein Data Bank [PDB] code 364D)
and the L25/loop E complex ([56] PDB code
1DFU) have been fitted into the density.
The figure was generated using Ribbons [79].
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closest to the bottom of the subunit in the IEM and
neutron-scattering maps [19,22]. In summary, together with
the positions already known from the fitting of atomic
models of isolated proteins, we have been able to identify
the positions of 18 proteins by correlating our protein map
with maps obtained by IEM and neutron scattering.
Conformation of 5S rRNA in the ribosome
As in the case of the 30S subunit, the segmentation results
in a continuous skeleton of the RNA, bare of protein, from
which, in principle, an assignment of secondary structure
elements can be derived (Figure 6). Multiple junctions,
such as in the interface region of the large subunit,
however, require a careful, detailed analysis. The locations
of several 23S rRNA helices are already known — the
α-sarcin–ricin loop (domain VI of 23S rRNA [4,47]), the
L11 binding region (domain II [4]), helix 34 (domain II
[48]), helix 38 (domain II [5,7,8]), helix 63 (domain IV)
and helix 98 (domain VI [45]; see Figures 5 and 6) —
making these positions obvious starting points for such an
analysis. We focus here on the position of 5S rRNA, for
which atomic structures of two different subregions are
available [49]. 5S rRNA is well constrained to the central
protuberance by IEM localization of certain nucleotides
[50–52] and of the 5S rRNA-binding proteins L5, L18 and
L25 [19,53]. On the basis of cross-linking experiments, a
model for the orientation of 5S rRNA has been suggested
[54]. A three-way helical junction that fulfills these topo-
graphical constraints and matches the 5S rRNA molecule
in size can be directly observed in the separated 50S
rRNA map (Figure 6). Loop D at the end of helix IV is
located in the neighborhood of the stalk region, and the
helix IV–loop E–helix V arm runs from this position on the
L7 side of the central protuberance to the three-way
helical junction (loop A). The smaller strand that emerges
from here is helix I, which ends in the 3′ and 5′ end of 5S
rRNA, whereas the longer arm is the helix II–loop B–helix
III–loop C structure. 
The atomic structure of a 5S rRNA fragment comprising
helix I and the IV–E–V arm has been solved by X-ray
crystallography [49] and, very recently, the complex of
L25 with part of the IV–E–V arm has been determined by
both nuclear magnetic resonance spectroscopy [55] and
X-ray crystallography [56]. The structures of the L25
complex and of helix I fit very well into the cryo-EM
density (Figure 6). The fitting places L25 in a location
where our separation procedure has predicted a protein.
Another protein is located directly adjacent to L25
towards the subunit interface. In contrast to the crystal
structure of the I–V–E–IV fragment [49], where the
II–B–III arm was missing, not helix I but the II–B–III arm
appears to be co-linear with the IV–E–V arm as suggested
in the model of Brunel and coworkers [57]. However,
helix I is folded back towards the II–B–III arm, narrowing
down the distance between the 3′ and 5′ end and the
loop C region. The 3′ end [50,51] and the loop C region
[52] have been localized within the 50S subunit by IEM,
in striking agreement with our placement. 
The 5S rRNA appears to contact the 23S rRNA in two
regions. Opposite the L25-binding site in the loop E
region runs helix 38, which has been previously identified
in cryo-EM reconstructions as the A-site finger [58] or
long bridge [42]. The possibility of a contact with 23S
rRNA at this location has been suggested on the basis of
intermolecular 5S rRNA contacts within the crystal [49].
The second contact occurs in the loop C region of 5S
rRNA. Cross-linking experiments with 5S rRNA and the
biochemical data on the interaction of the 5S rRNA-asso-
ciated proteins L5 and L18 with 23S rRNA ([43,53]; see
above) strongly implicated the 2350 region of domain V of
23S rRNA (helices 82–87) in this contact. 
The location of 5S rRNA suggests that it may not be
directly involved in the functional activities of the ribo-
some. However, it appears to be an important structural
component that bridges two distant regions of 23S rRNA
in the secondary structure. It might therefore be involved
in the communication between domains II and V of 23S
rRNA [53], and could play an active part in promoting
conformational changes that occur during protein synthe-
sis. In line with this view are functional studies showing
that, although the presence of 5S rRNA is not essential,
its absence pleiotropically reduces several functional
activities [59].
Contacts between the P-site-bound fMet-tRNAfMet and the
ribosome
Several contacts between the P-site-bound initiator tRNA
and the ribosome have been observed previously. The two
contacts between the acceptor stem and the 30S subunit
around positions 38/39 and 28 of the tRNA correspond to
fingers a and b/c, respectively, described recently by Cate
and coworkers [5]. The cryo-EM map at the anticodon-
loop is not resolved, so that no conclusions can be drawn
from our results. The contact around position 38/39 is with
16S rRNA (i.e., the decoding region of helix 44). The
contact around position 28 with the head of the 30S
subunit appears to be with a protein. The interaction of
the T loop of tRNA around position 56/57 with the central
protuberance appears to be with a protein as well, possibly
L5 or L27 (Figure 5). The other contacts between the
tRNA and the 50S subunit appear to be with the 23S
rRNA; these comprise a minor contact at position 63, a
strong contact between the D stem of tRNA around the
12–23 base pair with bridge B2a [5,7], a possible contact
with the 1920 region of 23S rRNA [60,61], and a contact at
the end of the acceptor stem around tRNA position 71/72. 
We did not observe density for the single-stranded 3′CCA
end but, assuming that the tRNA has the same conformation
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as the crystal structure [62], the 3′-CCA end lies in a groove
made entirely of 23S rRNA (Figure 7). Importantly, the
3′-CCA end of the tRNA model fitted into the L-shaped
density appearing at the A site in a pre-translocational
complex [63] points to the same 23S rRNA element and
fits well into another small groove that is located nearby.
As the region where the 3′-CCA ends of the A- and P-site
bound tRNAs meet is the peptidyltransferase center, our
localization implies that it is made up exclusively of 23S
rRNA (Figure 7). Although the involvement of 23S rRNA
in the peptidyltransferase activity is well documented
[64–71], the involvement of proteins could not be ruled
out by biochemical studies [72,73]. Nevertheless, the set
of proteins that are indispensable for peptidyltransferase
activity could be restricted by single omission tests to L2,
L3 and L4 [74,75] and, of these, L2 and L3 were found in
a minimal ribonucleoprotein complex that was still active
in catalyzing peptide-bond formation [76]. However, the
positions of L2, L3 and L4 are far away from the putative
peptidyltransferase center (Figures 5 and 7), which would
practically exclude a direct involvement of these proteins
in the mechanism of catalysis.
Whereas the 3′-CCA ends of our tRNA positions point
towards a site on the rim of the interface canyon closer to
the stalk region and the α-sarcin–ricin loop, the 3′-CCA
ends of A- and P-site-bound tRNAs, as fitted in the crystal
structure of the T. thermophilus 70S ribosome [5], are
shifted by 10–20 Å and located more towards the L1 side
of the interface canyon; an accurate estimation is not pos-
sible because we do not have access to the electron-
density map. The difference in the position of the 3′-CCA
ends, if confirmed at higher resolution of both X-ray and
EM maps, might be due to differences in buffer condi-
tions and the charging state of the tRNAs, as both factors
have been shown to influence the tRNA-binding position
[77]. This shift would bring the 3′-CCA end of the P-site-
bound tRNA closer to a protein mass at the entrance of
the tunnel, although most of the environment there still
consists of 23S rRNA. Because the argument made above
on the grounds of the large distance between the peptidyl-
transferase center and the proteins L2, L3 and L4 holds
for both positions of the CCA ends, we are led to conclude
that, in essence, the ribosome is a ribozyme.
Biological implications
A method is described that divides an intermediate-reso-
lution electron-density map of a nucleic-acid–protein
complex into its two components. The separation is based
mainly on the difference in scattering densities between
protein and nucleic acids and their statistical distribu-
tions. The new method, when applied to an 11.5 Å cryo-
electron microscopy map of the Escherichia coli 70S
ribosome, reproduces boundary assignments between
rRNA and proteins made from higher-resolution X-ray
maps of the ribosomal subunits with a high degree of
accuracy. This accuracy gives credence to predictions in
as yet unassigned regions of the ribosome and shows that
the information content of an intermediate-resolution
density map can be greatly enhanced. 
Using previous results derived from neutron scattering
and immuno-electronmicroscopy studies as well as bio-
chemical data, several components of the ribosome can
be tentatively located, among them the 530 region of 16S
rRNA and 5S rRNA and the proteins S12, S16, L3,
L4, L5 and L25. Studying the separated map in the
context of previously derived tRNA positions another
important conclusion can be derived, namely that the
ribosome is a ribozyme.
Materials and methods
The segmentation procedure (Figure 2) was implemented using
SPIDER [78] and applied to the 30S and 50S portions of the 11.5 Å
resolution map of the E. coli ribosome [7].
The procedure is based on the difference in densities for RNA and
protein (1.89 g/cm3 and 1.36 g/cm3, respectively [16]), which leads to
different density distributions for the two components (Figure 1) in the
cryo-EM reconstruction. In addition to the histograms for subregions
with known RNA or protein composition, the total molecular weight of
RNA and protein and the molecular weight of the smallest protein have
to be known. 
A key technique employed in several steps of the procedure is the
method of dilation [18]. Dilation, which works on binary images and
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Figure 7
Segmentation of the 11.5 Å cryo-EM map of the 50S subunit into
RNA (blue) and protein (light green) together with a model for P-site-
bound tRNA (dark green [7]). The position of the 3′-CCA end of the
A-site-bound tRNA, derived by fitting the tRNA X-ray structure into
cryo-EM maps of pre-translocational ribosomes [63], is marked
(A site). The positions of both 3′-CCA-ends define the putative site of
the peptidyltransferase center (PTC, approximately within white
dashed line). The position of L2 [4] (Figure 5) and the tentative
position of L3 (Figure 5) are indicated. Landmarks are as in Figure 6.
A site
L1
CP
Sb
PTC
L2 L3
Structure
leads to a growth of the image, was applied on a three-dimensional
grid. For each voxel with the value ‘0’, the number of neighbors with the
value ‘1’ is counted. If this number is equal or larger than a chosen
number, then the 0-valued voxel will be adjusted to ‘1’. Thus, any iso-
lated region of voxels with value ‘1’ will act as a seed for the growth
process. Constraints can be imposed by multiplying the dilated picture
with certain three-dimensional binary images that contain the informa-
tion for the constraint. For example, to confine the growth process to
regions with a density in the original picture that exceeds a certain
threshold, a constraining mask file is created that contains ‘1’ in all
voxels having a value in the original image of equal to or higher than
that threshold value, and a ‘0’ everywhere else. A multiplication of the
image resulting from the dilation with this constraining mask removes
all voxels that do not fulfill the constraint. Typically, the dilation step fol-
lowed by the constraining mask multiplication step is repeated several
times until no further change occurs. 
To start the procedure, two threshold parameters are derived from the
histograms of the known RNA and protein subregions (Figures 1
and 2a). Threshold level #1 should be set just above the highest
density recorded in the protein histogram, so that protein voxels are
excluded. Using this threshold, the original map is converted into a
binary image, where all voxels below the threshold are set to zero. The
resulting seeds for the RNA skeleton (Figure 2b) are dilated with the
condition only to grow in those regions where the density in the original
map is above a threshold level #2. This step of the procedure aims at
excluding any isolated high-density protein voxels. For the choice of
threshold level #2, a density range around the maximum of the RNA
histogram was explored in several tests, and densities near the
maximum were found to give highly reproducible results (see below).
Afterwards (Figure 2c), two rounds of unconstrained dilation were
found to result in a histogram approaching that of the original map in
those regions of the binary mask file that best resembled the density
distribution of RNA in the structure. 
To improve the accuracy of the selection of proteins in the yet unas-
signed region (Figure 2c), the size of the proteins is taken into consid-
eration. The minimum size of any protein is calculated from the density
for proteins and the molecular weight of the smallest protein. Fifty
percent of this volume is chosen as the cut-off level, and any cluster of
contiguous voxels below this size is not considered a protein. To be
effective, it was found that the size selection has to be carried out in
two steps, because most of the voxels in the non-RNA region were
present in one large cluster. In the first step, smaller clusters having a
volume below the cut-off, which were found mainly at the periphery of
RNA regions, are added to the RNA phase. In the second step, a
density threshold is applied to consider only those 50% protein voxels
with highest density (Figure 2d), and the selection of cluster analysis in
the non-RNA region is repeated. Clusters larger than the minimum
protein size (taking into account the volume shrinkage due to the ele-
vated threshold) are selected and the high-density protein regions are
grown as required to match the known protein histogram, while pre-
venting growth into regions that were already assigned as RNA (‘non-
merging dilation’; Figure 2e). Two rounds of dilation were found to
match the histogram best. 
The refinement procedure aims at improving the borders between the
RNA and protein densities. The original density map is broken down
into many small clusters that correspond to local maxima of the map
(Figure 2f). This is accomplished by a high-pass filtration that corre-
sponds to a spatial differentiation of the density, and by a subsequent
peak search. The resulting small clusters are assigned as ‘RNA’ or
‘protein’ according to the assignments in the initial partition. 
RNA and protein clusters are extended simultaneously using a ‘non-
merging dilation’ (Figure 2f). The growth is guided by the density in the
original map. In the first round, growth is allowed into regions above a
threshold that corresponds to 30% of the total protein volume. For
each following round, the threshold is lowered to the next bin in the
initial histograms. Furthermore, the portions of the map with RNA or
protein designation are not allowed to exceed their respective allocated
volume. These ‘stop volumes’ are calculated for each round by dividing
the total number of voxels in the original map that are above the density
threshold into ‘RNA’ and ‘protein’ based on the ratio of the molecular
weights and the respective fraction of the area of the histogram above
the density threshold. 
To test the influence of the threshold level #2 on the outcome of the
partitioning method, this parameter was varied within a certain range
(2.10–2.27; see Figure 1) around the maximum of the histogram, and
several resulting partitions of the 30S part of the map were calculated.
Within that range, the volume of the RNA skeleton (Figure 2b) was
found to vary between 44% and 24% of the total known RNA volume.
When using the threshold level #2 corresponding to the maximum of
the RNA histogram (2.20, the threshold finally chosen), the volume
fraction becomes 31%. 
Within the tested range, the final partitions proved to be very similar, as
judged by the positions and shapes of RNA and protein masses. Some
local differences were observed in the form of thin (~10 Å diameter)
protuberances emerging from the protein cluster into the space
between RNA helices. For a quantitative measure of similarity between
different partitions, equi-density surface representations were gener-
ated for all RNA and protein portions of the various partitions, and
mean inter-surface distances between pairs of RNA or protein portions
were calculated. In this method, for each voxel on the surface of the
first partition, the distance to the nearest voxel on the surface of the
second partition is calculated and the mean of all distances (number in
the range of 10,000) is calculated. (It should be noted that this dis-
tance measure is asymmetric, and depends on the order of the two
volumes compared). Very small values for the mean inter-surface dis-
tances (between 0.1 and 0.7 pixels corresponding to 0.3–2.1 Å) indi-
cated that the separations were indeed very similar. The ‘standard
deviation’ (i.e., the mean squared deviation of the distances from the
average) was generally somewhat higher than the average
(0.3–1.5 pixels), which indicates an asymmetric distribution of dis-
tances and reflects the presence of larger localized differences. 
A major change in the separation occurred at the extremes of the value
range for threshold level #2. The high value (the one giving 24% of the
RNA volume, see above) resulted in a misassignment of the spur
(Figures 3 and 4) to the protein portion of the partition, indicating that
this peripheral RNA helix is more flexible than the average RNA. The low
value (i.e., the one giving 44%), by contrast, led to the loss of the mass
for protein S16 (Figure 3). This mass represents the smallest isolated
protein cluster and is consequently, due to the size selection, the first
one that is lost when RNA is allowed to grow too fast initially. However,
in most of the regions of the map the separation was still similar to the
other separations, as is reflected in low mean pairwise inter-surface dis-
tances (0.6–1.1 pixels for the protein partitions and ~0.3 pixels for the
RNA partitions). The addition or subtraction of a protein mass was
found to mainly increase the standard deviation of the mean inter-
surface distances, which exceeded 2.0 pixels in several comparisons. 
In summary, it appears that the choice of a threshold level #2 correspond-
ing to the maximum of the RNA histogram represents the best trade-off
between losing small proteins from the protein phase and losing RNA of
low density from the RNA phase. Erring on the low side when choosing
threshold level #2 seems to be less dangerous than on the high side. For
isolated proteins smaller than protein S16 (82 amino acids), the outcome
will be more dependent on the choice of the parameter, becoming less
accurate and reliable, at least at the resolution of our map.
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